Scaffolds for cardiac tissue engineering must be designed to achieve adequate degradation kinetics and mechanical properties. In this study, bulk modification of poly(glycerol sebacate) (PGS) with different concentrations of thermal proteins (TP) was investigated to tailor the degradation properties of PGS. TP are polyamino acids formed by heating a mixture of amino acids with minimal proportions of glutamic or aspartic acid. The degradation study of TP-PGS was performed in vitro in phosphate buffered saline (PBS) solution over a 21 day period. Results showed that the degradation rate of PGS increased with increasing content of TP. After 21 days in PBS, degradation weight loss values of 9.40% ± 0.07, 7.3% ± 0.8 and 6.0% ± 0.4 were determined for PGS-TP2g, PGS-TP-0.01g and PGS-control, respectively. The studies also showed that TP altered the mechanical properties and surface hydrophilicity of PGS.
Introduction
Cardiovascular diseases (CVD) represent a major health problem being one of the main causes of death in the Western countries [1] . Amongst CVD, myocardial infarction or heart attack is one of the major causes of death, amounting to 30%. Myocardial infarction (MI) occurs when occlusions happen in the coronary arteries, leading to a sudden decrease in blood flow, causing a decrease in nutrients and oxygen supply to that portion of the heart muscle. If the flow of blood is not rapidly restored within the affected area permanent cell death occurs [2] [3] [4] .
The adult heart cannot repair the damaged tissue due to the limited contracting capability of mature contracting cardiomyocytes. Therefore a fibrous non-contractile scar tissue is formed in the area of the myocardial infarction [5, 6] . Cardiac tissue engineering (CTE) is being increasingly investigated as a suitable approach to provide viable a long term therapeutic solution for myocardial infarction treatment [7, 8] .
Amongst the various approaches for CTE, the cardiac patch approach involves the development of a cardiac construct using a suitable biodegradable biomaterial fabricated into a 3D scaffold [9, 10] . The scaffold is then incorporated with relevant cells in the presence of additional biological cues. The cardiac patch will therefore act as a medium for the delivery of cells to the infarcted region of the heart as well as providing left ventricular restrain or mechanical support.
Many natural, synthetic and composite biomaterials have been investigated as scaffolds or matrix support for cardiac patches [11] . In this respect the synthetic polyester poly(glycerol-sebacate) (PGS) is attracting increasing interest for cardiac patch applications [12] [13] [14] [15] . This is owing to the relevant properties of PGS in terms of biocompatibility and bioresorbability. PGS is prepared by poly-condensing glycerol and sebacic acid. Sebacic acid is the natural metabolic intermediate in ω-oxidation of medium to long-chain fatty acids [16, 17] . Glycerol was approved to be used as humectant in foods by the US Food and Drug Administration (FDA) [14] . PGS has been shown to be safe in vivo [15, 18] . Additionally, it is an inexpensive polymer with tailorable mechanical properties and degradation kinetics. However further investigations about PGS-based materials are required to enhance the biological and mechanical performance of the material for cardiac tissue engineering applications.
Over the years modification techniques have been adopted to enhance the properties of biomaterials. Usually polymers lack cell recognition sites (biomolecules that promote cell attachment) [19, 20] . Therefore biopolymers can be modified using biomolecules, for example peptides corresponding to the integrin epitope, RGD sequence [21, 22] . The suitable biomolecular modification of material surfaces usually leads to promising new biomaterials with the capability of evoking controlled interactions with cells. The biomolecules can also be utilized for tailoring the degradation kinetics of the biomaterials. In this respect, thermal proteins (TP) will be used in this study as modifying molecules to tailor the degradation properties of PGS.
Thermal proteins are long branched chains polyamino acids formed abiotically by heating mixtures of amino acids with a minimal proportion of glutamic or aspartic acid. TP can be divided in three types: acidic, basic and neutral depending on the type of the amino acids used [23, 24] . The average molecular weight of thermal proteins is dependent on the monomers of amino acids being used. Acidic TP have the lowest molecular weight compared to basic thermal proteins, which have high molecular weight [25] . TP are different from the regular proteins because they contain both D and L isomers. Moreover they form unusual peptide bonds [26] . Hefti et. al. (1991) found that TP rich in dicarboxylic amino acids promoted the formation of neuronal networks as they increased survival and neuronal outgrowth of dissociated fetal rat neurons in serum-free medium in vitro [24] .
In this study, for the first time thermal protein modified PGS films were developed to investigate the effect of TP on PGS degradation behavior and mechanical properties. The ultimate application of TP modified PGS with controlled degradation kinetics is as the structural component of a new family of cardiac patches for the treatment of myocardial infarction.
Materials and Methods
The materials used were as follows: L-lysine (98%, Fluka, Germany), arginine (98.5%, Roth, Germany), aspartic acid (98%, Merck, Germany), serine (99%, Merck, Germany), proline (99%, Merck, Germany), glycine (99%, Fluka, Germany), glutamic acid (99%, Merck, Germany), sebacic acid (Sigma Aldrich, Germany), Glycerol (Sigma Aldrich, Germany).
Thermal Proteins Preparation
10 g of L-aspartic acid, 10g of glutamic acid, 2 g of arginine, 2 g of serine, 2 g of lysine, 2 g of glycine and 2 g of proline were heated together in a three necked flask under nitrogen at 190 ºC for 6 h. The reaction was allowed to cool to room temperature then 100 ml of deionized water was added to re-suspend the solid brownish product. The dissolution process was aided by stirring. Then the insoluble matter was removed by centrifuging for 15 min at 4000 rpm, and the precipitated matter was discarded. Then the centrifuged solution was dialyzed for 2 days against water using a 3500 MWCO dialysis membrane. Finally the content of the dialysis was lyophilized.
Bulk Functionalization of PGS with TP
40.4 g of sebacic acid, 14.6 ml of glycerol and TP were heated in a three necked flask at 120 ºC for 48 hours. The functionalization was conducted with two different concentrations of thermal proteins as shown in table (1).
Films Fabrication
Five films were prepared from the TP modified PGS prepolymers, which were then subjected to different curing durations, as shown in table (1). The side in contact with the mold surface was rough imprinting the topography of the mold and the upper surface was smooth. 
Degradation Study
In vitro degradation studies of the TP-PGS films (sample number; n = 3) were carried out in PBS medium. The studies were carried out for periods of 7, 14 and 21 days. The sample dimensions were 3 cm in length and 0.5 cm in width.
The degradation kinetics of the fabricated 2D films were determined by measuring the % water uptake or absorption (% WA) and % weight loss (% WL). The samples were first weighed to obtain the dry weight , dry (M 0 , dry, the initial weight of the sample), immersed in 20 ml of PBS-saline solution, incubated at 37°C and 90 rpm. At each prescheduled incubation time point the films were collected and analyzed for water absorption (% WA) and weight loss (% WL) behaviour. For measuring the % WA, the immersed samples were removed at given time points, the surface gently wiped with a tissue paper and then weighed to obtain Mt, wet (Mt, wet, the weight of the samples after immersion in the PBS-saline solution).
The pH was also measured. Similarly, for measuring the % WL, the samples were withdrawn from the PBS solution, washed several times with deionized water and dried at 37 °C overnight. Subsequently they were weighted dry; to obtain Mt, dry (Mt, dry, the dry weight of the samples after immersion in the PBS solution followed by drying). Water absorption and weight loss were calculated using equations 1 and 2:
2.5 Characterization Methods
Contact angle
Contact angle studies were carried out to study the effect of the different TP contents on the material hydrophilicity. The measurements were carried out using static contact angle measurements in a KRÜSS: DSA30 instrument. The reference liquid (deionized water) was placed on the samples by means of a gas tight micro syringe forming a drop. The water contact angles were measured by analyzing the recorded drop images using the Windows® based KSV CAM software.
Mechanical properties
Tensile tests were carried out using a Zwick Universal Testing Machine Z050 at room temperature. The samples were cut into rectangular strips of 5 mm width and 3 cm length. The measurements were carried out at a crosshead speed of 10 mm/min and a pretension of 0.2 Newton was applied. A 50N load cell was used for all experiments.
Statistical analysis
The data sets (n = 3) have been expressed along with their mean standard deviation. The data, where appropriate, were compared using the one way ANOVA and differences were considered to be significant when *p < 0.05.
Results and Discussion
The synthesis of thermal proteins is straightforward. The materials are non-toxic and have been known for over 60 years [25] . Two separate TP modified PGS pre-polymers were prepared in this study and cured at different temperatures (Table 1) . In order to study the effect of TP on the surface hydrophilicity, water-in-air contact angle measurements were conducted on 3 different samples (PGS, PGS-TP-2g-48 and PGS-TP-0.01g-48h). Comparing the contact angle of modified PGS to that of a PGS-control (65º ± 2º) it is clear that TP decreased the hydrophilicity of PGS drastically, however the differences observed amongst the TP-PGS samples were not significant (Table 2 ). It can be hypothesized that the TP bond to the free functional groups present on the PGS backbone chain consuming most carboxylic groups and altering the PGS surface charge thus decreasing its hydrophilicity.
Contact angle measurements were also conducted on samples PGS-TP-0.01g-48h, PGS-TP-0.01g-72h and PGS-TP-0.01g-96 to study the effect of curing time on the surface hydrophilicity. Results revealed that the curing duration had no significant effect on the degree of hydrophilicity of PGS, as shown in table (2). The rough surface showed higher contact angle values compared to the smooth surface. This result can be explained by the surface topography imprinted from the mold, increasing the surface roughness, which in turn increases the contact angle.
Mechanical properties
Mechanical tensile tests of PGS samples reveal a typical stress-strain curve for elastomers characterised by low Emodulus, high strain and a nonlinear tensile stress-strain curve [11] .
Analysis of TP-PGS specimens revealed that increasing the content of TP had a strengthening and stiffening effect on the material. Figure (1) shows a decrease in strain and an increase in the elastic modulus and maximum stress as the TP concentration increases. Moreover the effect of curing time was also demonstrated. Three samples of the same TP concentration (PGS-TP-0.01g) were cured at different time points, namely 48h, 72h, and 96h. Figure ( 2) reveals that with increasing curing time, the stiffness of the PGS-TP increases. Thus, it can be speculated that TP increases the crosslinking density of the polymeric chains thereby increasing the PGS stiffness. 
In vitro Degradation Study
In this study the influence of TP concentration on the degradation behaviour of PGS in PBS was investigated. The data (n=3; error bars = ±SD) were compared using one way ANOVA and differences were considered significant when *p<0.05.
The effect of curing time was also observed. With increasing curing time the degradability of the samples decreased, as shown in figure (4) .
The samples possessing higher amounts of TP absorbed more water over time. The water absorption was found to increase over time, which is ascribed to the breakage of the ester bonds by hydrolysis. The data (n=3; error bars = ±SD) were compared using one way ANOVA and differences were considered significant when *p<0.05.
The TP modified PGS samples have higher pH values over the different time points when compared to nonmodified PGS. Figure (3) demonstrates that for the higher TP content (2%), the pH decreases more drastically. pH values of 6.51 ± 0.02, 6.59 ± 0.06 and 5.80 ± 0.06 were determined for PGS-TP-2g-48, PGS-TP-0.01g-48 and PGS-control, respectively, over an incubation period of 21 days. This result can be explained by the acidic nature of the TP. TP possess high content of aspartic and glutamic acids, which have a high density of carboxylic groups [27] .
On the other hand with increasing curing time, higher pH values were observed. pH values of 6.59 ± 0.06 , 6.79 ± 0.05 and 6.98 ± 0.02 were determined for TP-PGS-0.01g-48, TP-PGS-0.01g-72 and TP-PGS-0.01g-96, respectively, over an incubation period of 21 days. This result can be explained by the increase in the cross-linking density of PGS, the elimination of the free carboxylic groups of both the PGS and the TP side chain groups, which reduces the acidity of the material.
Conclusion
In this study, we demonstrated for the first time the bulk modification of PGS with TP, intended for applications in cardiac patches. The PGS degradation kinetics was successfully tailored by the modification with TP at different concentrations. Moreover, the mechanical properties and surface charge of PGS films were altered by incorporating TP. Since TP are non-toxic and composed of naturally occurring amino acids, they represent a suitable group of biomolecules for biomedical applications. Further studies are needed to understand the physicochemical behaviour of the PGS-TP blends in detail. Moreover, microscopy analysis is required to gain information about the morphology and roughness of PGS-TP films, which should be completed with investigations of the cell biocompatibility of the materials.
